Soil microbes play important roles in biochemical processes in the plant-soil-microbe ecosystem. However, the associations between soil microbes and herbal plants mediated by plant medical metabolites are poorly understood. We investigated the linkages of soil microbial biomass (SMB) and diversity based on an analysis of the phospholipid fatty acids and medical metabolites of Artemisia annua at 18 sites (54 plots) at altitudes ranging from 420 to 1420 m altitude in the Guizhou karst terrain of China. We found that the SMB and its diversity significantly linearly increased along the altitude gradient. The artemisinin concentration (0.54-20.82 g/kg) significantly linearly increased with increasing altitude. The artemisic acid concentration and total phenolics significantly linearly decreased with increasing altitude. SMB was significantly positively correlated to artemisinin and negatively correlated with total phenolics. Our results provide basic data regarding the linkages between soil microbes and A. annua medical metabolites, and provide an insight into their interactions.
Introduction
There is a need to better understand the associations among soil microbes and plants in the plant-soil-microbe ecosystem. Interactions between insects and plants in the animal-plant ecosystem are well documented (Ryan and Byrne 1988) , and the interaction between soil microbes and plants in the microbe-plant ecosystem has also become a hot topic. Whether the association of soil microbes and herbal plants is mediated by the plant medical metabolites is a controversial and widely debated issue. Soil microbes play important roles in soil biochemical processes (Zak et al. 2003; Cregger et al. 2012) and are directly and/or indirectly affected by soil abiotic factors, and the diversity, biomass, and functional traits of plants (Frostegård et al. 1993; Sorensen et al. 2013; Chang et al. 2016; Zhao et al. 2016) . As a key environmental factor in mountainous karst terrain, the altitude strongly affects soil microbial traits and the medical metabolites of herbal plants. Although the capacity of soil microbes to mediate soil biochemical processes, and the responses of plant medical metabolites to altitude is adequately documented (Falkowski et al. 2008; Zhang et al. 2009 ), few experimental and theoretical studies have investigated microbe-metabolite linkages in the herbal plant-soilmicrobe ecosystem along an altitudinal gradient.
Many studies of the changes of microbial biomass, community composition, and diversity in soil along altitudinal gradients have been reported (Margesin et al. 2009; Chang et al. 2016) . It has been reported that microbial biomass carbon (C) significantly increased with increasing altitude (from 600 to 1400 m) in a bamboo plantation (Chang et al. 2016 ). The population of Gram-negative bacteria and fungi was also found to increase along an altitude gradient (from 1500 to 2530 m) in pine soil (Margesin et al. 2009 ). Microbial diversity also shifts with altitude, with Bryant et al. (2008) finding that bacterial diversity decreased with altitude in the mountains of the southwestern United States. Lin and Chiu (2016) reported that bacterial diversity was greater at medium altitudes (1000 and 1200 m) than at lower and higher altitudes, although the opposite pattern was observed on Mount Halla in South Korea (Singh et al. 2014) . Elevation changes in the Karst landforms of Guizhou Province in China are very common due to the wide range of altitudes from the eastern hilly region (≈ 200 m) to the western Yunnan-Guizhou Plateau (≈ 2900 m) (Yuan 1991) . In the mountainous Karst terrain, the soils dominated by stone are thin and infertile . It is of interest to determine if and how the soil microbes (including their biomass, community composition, and diversity) shift along the altitudinal gradient in this specific Karst landform.
The secondary metabolism of herbal plants is an important functional trait. Their medical metabolites, which have important physiological and ecological functions, have played a key role in the treatment of disease and maintenance of health for several thousand years (Liu et al. 2014) . However, the accumulation of medical metabolites is affected by soil factors (such as soil nutrients), and climatic and geographic factors (such as elevation) (Zhang et al. 2009; Liu et al. 2014) . Artemisia annua L. (Qinghao, in Chinese) belongs to the family Asteracea and genus Artemisia (Chinese Pharmacopoeia Commission 2015). It is distributed all over the world (mainly China and India) (Das 2012) , but most adaptively originates in southwest China, including Guizhou, Chongqing, and Guangxi (Huang et al. 2010; Liu et al. 2013) . Artemisia annua is a well-known herb that has low toxicity and a very efficient anti-malarial activity due to the presence of artemisinin (a medical metabolite of A. annua), the firstline drug recommended by the World Health Organization (WHO) (WHO 2010) . Many of the activities of A. annua medical metabolites (including artemisic acid, artemisinin, and phenolics) are well known (Muzemil 2008; Ferreira et al. 2010; Huang et al. 2010; Das 2012; Lévesque and Peter 2012) . The phenolics of A. annua (such as chrysosplenol-D and chrysosplenetin) have been confirmed to synergize the potential effects of artemisinin against malaria and cancer (Ferreira et al. 2010 ). The artemisinin content of A. annua plants ranges from 0.01% to 1.1% (Alam and Abdin 2011; Abdin and Alam 2015) . The only way to obtain artemisinin is to isolate it from A. annua because its yield is improved through cell suspension culture, with in vitro culture, biosynthesis and total organic synthesis being complex and uneconomic (Delabays et al. 2001; Covello et al. 2007; Alam and Abdin 2011; Analogues et al. 2011; Lévesque and Peter 2012; Abdin and Alam 2015) . However, the artemisinin yield from A. annua through conventional growing and breeding is affected by abiotic environmental factors, with several studies focused on evaluating the soil abiotic environment, and yield and quality of A. annua (including cultivation and improving growth conditions) (Aftab, Khan, Idrees, Ghauri, et al. 2010; Aftab, Khan, Idrees, Naeem, et al. 2010; Aftab et al. 2012; Luo et al. 2014) . Investigations have also shown that the artemisinin content in A. annua leaves is significantly positively related to elevation (Zhang et al. 2009; Liu et al. 2014 ). The accumulation of artemisinin, artemisic acid, scopoletin, chrysoplenol-D, and chrysosplentin in A. annua along harvest time, temperature, humidity, and fertilization gradients have been investigated (Zhang et al. 2009; Yu 2010; Liu et al. 2014 ). However, whether or how the medical metabolites of A. annua change along altitudinal gradients in specific Karst landforms is unknown.
Linkages between soil microbes and medical metabolites of herbal plants are a controversial and widely debated topic. It is generally accepted that interactions among insects and plants are mediated by plant metabolites (Lambers et al. 2009; Otienoburu et al. 2012) ; however, medical metabolites act as a 'bridge' linking soil microbes to herbal plants and play an important role in plant-soil-microbe interaction, although the processes involved are poorly understood. Where linkages between soil microbes and plant medical metabolites have been established, the relationships between certain properties of soil microbes (such as biomass, community composition, and diversity) and the properties of plant medical metabolites (such as their concentration and composition) should be investigated, with a linear change expected along specific gradients (e.g. altitudinal gradients). In this study, we selected A. annua in the Guizhou karst terrain in China, which is widely distributed along an altitudinal gradient. We investigated the linkages between soil microbes and plant metabolites in an area where limestone soil is the main base material (Yuan 1991) . Artemisia annua is a well-known herb that contains important medical metabolites, and is adapted to grow in the thin and infertile stony soils of karst topography because of its ability to resist the infertile and rocky desert conditions (Luo et al. 2014; Zhang et al. 2014) .
In this study, we hypothesized that there are interactions between soil microbes and medical metabolites from A. annua, which shifted along an altitude gradient in a karst landform. Specifically, we hypothesized that: (1) soil microbial biomass (SMB) and diversity changed along an altitudinal gradient; (2) the contents of medical metabolites shifted along the altitudinal gradient; and (3) soil microbes are related to some medical metabolites of A. annua. To test these hypotheses, we investigated SMB and soil diversity based on environmental factors, phospholipid fatty acids (PLFAs), and the concentrations of the main medical metabolites in A. annua at 18 sites (54 plots) ranging from 420 to 1420 m altitude in the karst topography of China. Prior to the study, we knew that SMB and diversity increased along the altitudinal gradient, the artemisinin content increased with altitude, artemisic acid and total phenolics decreased along the altitudinal gradient, and SMB was related to artemisinin and total phenolics. This study provided basic data to assess the linkages between soil microbes and medical metabolites of A. annua, and also provided an insight into the interactions between soil microbes and medical metabolites of A. annua.
Materials and methods

Site description and sampling
Soil and leaf (including flower bud) samples of A. annua were collected from 18 sites (three plots per site, total of 54 plots) in Guizhou Province, China. The plot altitudes ranged from 420 to 1420 m (northern latitude (N) 25°20
. All plot altitudes and geographical coordinates were recorded using GPS (eXplorist600, Magellan, East Mississauga, on Canada). Guizhou is located in a subtropical area, with a mild climate. All sampling sites were typical Karst landforms. Although there was adequate rainfall at all sites, rainwater could move into the ground through crevices and the surface soil could become parched between rains. The details of all sites are listed in Table 1 . Soil and plant samples were collected in the bud stage of A. annua in the autumn of 2016. Soil material adhered to the root surface of nine A. annua plants in a plot were pooled and collected in a sterile plastic bag to comprise one soil sample, while the leaves of the same A. annua plants were considered to represent a plant sample. Three plots from each site were sampled, which constituted sample replication. The samples were placed in an ice box and rapidly transported to the laboratory. Each soil sample was subsequently divided into two portions, with one portion air dried and prepared for testing soil properties and the other placed into a freezer at 4°C for the later determination of soil microbial PLFAs. Each fresh leaf sample was placed in the freezer at 4°C for the later determination of medical metabolite concentrations.
Analysis of soil parameters
The method described by Bao (2000) was used the measure the soil parameters of organic matter (OM), available potassium (AK), available phosphorus (AP), available nitrogen (AN), total nitrogen (TN), total potassium (TK), total phosphorus (TP). Soil moisture (SM) was determined as the weight lost using an oven-drying method for 24 h at 105°C. The stone content of the soil expressed as the percentage of stones (≥2 mm) to the total soil sample for each plot. Soil pH was measured in a water and soil mixture (v/w ratio was 2.5:1) using a pH meter (Standard pH Meter PB-10, Sartorius, Göttingen, Germany).
Analysis of soil microbial PLFAs
PLFA extraction: The fresh soils (1.5 g dry weight equivalent) were extracted using a mixture of citric acid buffer, methanol, and trichloromethane, and then centrifuged and filtered. The extracted solutions were concentrated by blowing with a stream of nitrogen (N 2 ). The extracts were then methylated with a mild alkaline solution (3 mL 0.1% KOH methanol solution and 2 mL hexane), and then dissolved in hexane containing methyl nonadecanoate (19:0) as an internal standard. The methylated solution was mixed into 2 mL water, centrifuged, layered, and finally the organic layer solutions were collected. The sample solutions were stored at 4°C prior to analysis by gas chromatography-mass spectrometry (GC-MS). The GC-MS conditions were as follows: GC-MS instrument, GCMS-QP2010 (Shimadzu, Kyoto, Japan); capillary column, HP-5 ms, 30 m × 0.25 mm × 0.25 μm; injector temperature, 250°C
; column temperature program, 70°C (5 min), 70-190°C (20°C/min), 190°C (1 min), 190-200°C (5°C/min), 200°C (2 min), 200-280°C (10°C/min), 280°C (8 min); carrier gas, helium (0.90 mL/min); split ratio, 10:1; ionization temperature, 230°C; ionization energy, 70 eV; scan time, 0.5 s; and mass range, 33-450 amu. Working solutions of the samples and PLFAs were obtained by diluting the sample solutions and mixing a PLFA standard (bacterial acid methyl ester mix, 47080-U, Sigma-Aldrich, St. Louis, MO, USA) further with an appropriate volume of hexane, respectively. The working solutions were analyzed by GC-MS. Finally, methyl nonadecanoate was used as a quantitative internal standard, and the peaks were identified by comparing the retention times of the samples with those of the standard. Microbial biomass was measured by the concentration of the total PLFAs. In brief, according to Buyer's method (Buyer and Sasser 2012) , 24 microbial PLFAs were evaluated to determine the biomass and structural diversity of soil microorganisms (Quideau et al. 2016; Zhao et al. 2016 ): 2-OH 10:0, 11:0, 12:0, 13:0, 2-OH 12:0, 3-OH 12:0, 14:0, i-15:0, α-15:0, 2-OH 14:0, i-16:0, 16:1ω7c, 16:0, i-17:0, cy17:0, 17:0, 2-OH 16:0, 18:2ω6,9, 18:1ω9c, 18:1ω9t, 10 Me18:0, cy19:0, and 20:0. The PLFAs were designated as X:YωZ, where X represents the number of carbon atoms, Y represents the number of unsaturated ethylene linkages, ω means a double bond, Z indicates the location of an ethylene linkage, and i, α, cy, Me, and c refer to isopropyl, anteisorpropyl, cyclopropyle, methyl branching, and cis-configuration, respectively (Frostegård et al. 1993 ).
Analysis of leaf medical metabolites
The leaf medical metabolites of A. annua were extracted from approximately 0.5 g of freshly ground leaves from each sample, which was placed into a 40 mL storage bottle, with a spiral mouth and solid cover, and immediately mixed with 20 mL absolute ethanol (Jessing et al. 2009; Yu 2010) . The bottle was then sealed and subjected to ultrasonic extraction for 2 h. The extracted solutions were centrifuged and filtered through a 0.45 µm membrane filter. The sample solutions were stored at 4°C until analyses. Stock solutions of artemisinin and artemisic acid were prepared. Briefly, artemisinin and artemisic acid were weighed (to 0.1 mg), and then dissolved in ethanol in measuring flasks (10 mL). The stock solutions were stored at 4°C. Artemisinin and artemisic acid were analyzed using GC-MS. The analysis conditions were as follows: GC-MS instrument, GCMS-QP2010; capillary column, Phase ZB, 30 m × 0.25 mm × 0.25 μm; injector temperature, 230°C; column temperature program, 50°C (1 min), 50-200°C (15°C/min), 200°C (5 min), 200-230°C (15°C/min), 230°C (10 min); carrier gas, helium (0.95 mL/ min); split ratio, 10:1; ionization temperature, 230°C; ionization energy, 70 eV; scan pattern, SIM; and artemisinin and artemisic acid quantifier ions, 166 and 121. Working solutions of the samples, artemisinin, and artemisic acid were obtained by further diluting the sample solutions and the stock solution of artemisinin and artemisic acid with an appropriate volume of ethanol. The working solutions were analyzed by GC-MS. The artemisinin and artemisic acid concentrations in the samples were calculated based on the peak areas of the artemisinin and artemisic acid quantifier ions.
Scopoletin, chrysosplenol-D, and chrysosplenetin were analyzed using high performance liquid chromatography (HPLC) (Yu 2010) . A stock solution of scopoletin, chrysosplenol-D, and chrysosplenetin was prepared. Briefly, scopoletin, chrysosplenol-D, and chrysosplenetin were weighed (to 0.1 mg) and then dissolved in ethanol in 10 mL measuring flasks. The stock solution was stored at 4°C. The analysis conditions were as follows: HPLC instrument, LC-20AT (Shimadzu) and analytical chromatographic columns, reversedphase shim-pack CLC-ODS in the column oven (150 mm × 6.0 mm × 5 μm, No. 61626630). The linear gradient elution was conducted as follows: eluent A (acetonitrile: methanol = 11:5 (v/v)) and eluent B (0.1% formic acid (v/v)); 5% A (0-5 min); 5%-16% A (5-8 min); 16%-24% A (8-30 min); 24%- 32% A (30-47 min); 32%-64% A (47-68 min); 64% A (68-75 min); 64%-100% A (75-78 min); 100% A (78-88 min); 100%-5% A (88-89 min); and 5% A (89-95 min). The flow rate program was conducted as follows: 1.4 mL/min (0-5 min); 1.4-0.6 mL/min (5-10 min); 0.6-0.8 mL/min (10-47 min); 0.6-1.4 mL/min (47-50 min); and 1.4 mL/min (50-95 min). The detection wavelength was 345 nm and the column temperature was 40°C. Working solutions of the samples, scopoletin, chrysosplenol-D, and chrysosplenetin were obtained by further diluting the sample solutions and scopoletin, chrysosplenol-D and chrysosplenetin stock solutions with appropriate ethanol. The working solutions were analyzed by HPLC. The scopoletin, chrysosplenol-D, and chrysosplenetin concentrations in the samples were calculated based on the peak areas of scopoletin, chrysosplenol-D, and chrysosplenetin. Total phenolics were measured using the Folin-Ciocalteu colorimetric method with a 721-UV spectrophotometer (Kamath et al. 2015) . In brief, the sample solutions (1.0 mL) were added to test tubes and Folin-Ciocalteu's reagent (1.5 mL) and 7.5% sodium carbonate (1.0 mL) were added. The tubes were mixed and then left to stand for 30 min. Absorption at 765 nm was determined by a 721-UV spectrophotometer. The total phenolics were expressed as gallic acid equivalents in g / kg dry leaves of A. annua.
Statistical analysis
Microsoft Office Excel 2010 was used to analyze the basic data for every plot, with every parameter measured in three replicate samples. Results were expressed on a dry weight basis. The SMB was equivalent to the total PLFAs. Diversity indices (Shannon, Evenness, and Simpson) regarding the soil microbial community composition (SMCC), a canonical correspondence analysis (CCA) (F = 0.681, P < 0.05), and Mantel tests were conducted in Rv. 3.1.2 with the Vegan package. Shannon = −ΣPilnPi, Pi is the ratio of Ni to the total PLFA content of each plot, Ni is the PLFA content in a plot, Evenness = H/lnS, S represents the number (24) of PLFAs, H represents the value of the Shannon index, and Simpson = 1 -ΣPi 2 . The CCA and Mentel tests conducted using Rv. 3.1.2 were used to estimate the linkages of soil microbial PLFA composition and environmental factors (Lipson et al. 2000; Zhao et al. 2016) , and a CCA diagram was constructed using Sigmaplot 12.5 according to the vectors of the CCA and Mantel tests. An analysis of variance (ANOVA) for the pairwise t-tests and correlation coefficients of all variables was conducted with SPSS (PASW statistic 18). Each of the cumulative variables (SBM, soil diversity indexes, main medical metabolites) was subjected to an analysis of its relationship with elevation to determine if altitude was correlated with these variables (nutrients and mainly medical metabolites). Linear regression analyses were conducted using Microsoft Office Excel 2010.
Results
Geochemical properties and relationships of soil properties with altitude
The major geographic properties and soil stone contents of the 18 sampling sites are listed in Table 1 , which shows that the soil physicochemical characteristics were quite variable at the different sites ( Table 2 ). The soil pH varied from 5.29 to 8.24 and was not markedly correlated with altitude (P > (Table 2) , and there were significant positive correlations of soil AN and AP with altitude (P < 0.01), but soil OM and AK were not significantly related to altitude (P > 0.05) ( Table 3 ). The ranges of mean soil TN, TP, TK, and SM were from 0.2 to 3.45 g/kg, 0.33 to 1.31 g/kg, 6.72 to 36.83 g/kg, and 5.85 to 21.57% (Table 2) , and there were significant negative correlations of soil TN, TP, and TK with altitude (P < 0.05 or P < 0.01), but SM was not significantly correlated with altitude (P > 0.05) ( Table 3) .
Shifts in SBM and soil microbial diversity along the altitudinal gradient SMB varied from 1.02 to 467.35 nmol/g and linearly increased with increasing altitude (P < 0.001; Figure 1(A) ).
Moreover, the mean SMB of the sites at altitudes above 800 m (320.58 nmol/g) was significantly higher than that at altitudes below 800 m (53.68 nmol/g) (Figure 1(A) ). Altitude also significantly affected soil microbial diversity, with significant positive correlations between altitude and the three diversity indexes (Shannon, P < .001, Figure 1 (B); Evenness, P < 0.01, Figure 1 (C); Simpson, P < 0.01, Figure 1(D) ). The mean diversity values of the sites at altitudes above 800 m were higher (1.87, 0.57, and 0.74, respectively) than those of sites below 800 m (1.59, 0.50, and 0.67, respectively) ( Figure  1(B-D) ).
Correlations of soil microbial variables with other environmental factors
Soil microorganisms were also affected by various other environmental factors. Positive correlations between SMB and soil OM, AN, AP, and SM were found, but they were not significant, while SMB was significantly positively correlated to soil AK (Table 3 ). There were significant negative relationships between SMB and soil stone content, TN, TP, and TK (Table 3 ). The SMCC was also very different among the sites. The CCA results showed that the variation of soil PLFA data was 24.47% and 10.89% explained by the CCA1 and CCA2 axes, respectively. The SMCC (as indicated by PLFA content) in Luodian (site numbers 2, 4, and 5) and Jianhe (site numbers 3, 7, and 8) was separated from the other locations along CCA1 (Figure 2) . The Mantel test results also indicated that SMCC was significantly related to altitude (R = 0.334, P = 0.001, Table 4 ). Soil pH and TP were extremely significantly correlated with the SMCC (R = 0.144, 0.347, respectively, and P = 0.001), while soil AN and TK were also significantly correlated with the SMCC (R = 0.063, 0.095, and P = 0.044, P = 0.009, respectively) ( Table 4) .
Changes in the main medical metabolites along the altitudinal gradient
Artemisinin and artemisic acid are terpene compounds in A. annua leaves and their concentrations across the 54 plots ranged from 0.54 to 20.82 g/kg and 20.00 to 648.25 mg/kg, respectively (Figure 3(A and C) ). The mean artemisinin concentration at sites with an altitude above 800 m (13.43 g/kg) were significantly higher than those at sites below 800 m (2.79 g/kg). Moreover, across all 54 plots, the artemisinin concentrations of A. annua leaves increased linearly with altitude (P < 0.001, Figure 3(A) ), but the artemisic acid concentrations decreased significantly with altitude (P < 0.05, Figure 3(C) ). In contrast to artemisinin, total phenolics decreased linearly with altitude, ranging from 9.47 to 2.99 g/kg (P < 0.01, Figure 3(E) ). However, scopoletin ( Figure   3(B) ), chrysosplenol-D (Figure 3(D) ), and chrysosplenetin (Figure 3(F) ) concentrations did not shift significantly with altitude.
Response of the main medical metabolites to other environmentally biotic and abiotic factors
In addition to altitude, the concentrations of the main medical metabolites from A. annua leaves were correlated with some of the other soil biotic and abiotic factors. Among the biotic factors, the artemisinin concentration significantly increased with increasing SMB (P < 0.001), while total phenolics significantly decreased with an increase in SMB (P < 0.01) ( Table 5 ). Soil pH was found to have a significant negative correlation with artemisic acid (P < 0.05), scopoletin (P < 0.001), chrysosplenol-D (P < 0.05), chrysosplenetin (P < 0.001), and total phenolics (P < 0.05) ( Table 6 ). There were significant negative correlations between soil TN, TP, and TK and atermisinin (P < 0.01 or P < 0.001), but the opposite was true for total phenolics (P < 0.001, P < 0.05, and P < 0.01, respectively) ( Table 6 ). Soil TP was significantly positively correlated to artemisic acid, scopoletin, and chrysosplenetin (P < 0.05) ( Table 6 ).
Discussion
Environmental and plant factors affecting SMCC and SMB have previously been identified (Chang et al. 2016 ) and the structure of soil microbes has been reported to vary along elevation gradients (Nottingham et al. 2015; Yasir et al. 2015; Lin and Chiu 2016) . On the basis of data from 16S tRNA sequences, elevation has been shown to affect soil bacterial community diversity (Lin and Chiu 2016) . A PLFA analysis is a useful technique in studies of SMCC and SMB (Farrell et al. 2010; Frostegård et al. 2011) . A clear increase in soil total PLFA content with increasing altitude has been reported (Farrell et al. 2010; Chang et al. 2016) .
In this study, SMB and soil microbial diversity indexes (Shannon, Evenness, and Simpson) at A. auuna sampling sites were significantly positively related to altitude over the range of 420-1420 m (Figure 1(A-D) ), which agreed with the similar results reported for a bamboo forest across an elevation gradient of 600-1400 m (Chang et al. 2016; Lin and Chiu 2016) . The diversity was very different from the β diversity reported in a woody forest, which was negatively correlated with elevation (Kraft et al. 2008) . This is likely because various environmental factors affect soil microorganisms in addition to elevation, including vegetation, temperature, SM, and nutrients (Lipson et al. 2000; Cong et al. 2015; Zhao et al. 2016 ). There were significant positive correlations between AP, and the Evenness, Simpson indexes (P < 0.05), whereas there were significant negative relationships between these parameters and SM (P < 0.05 and P < 0.01, respectively). SMB was positively correlated with AN, AP, and AK (AN and Figure 2 . Canonical correspondence analysis (CCA) of soil microbial community composition (based on soil microbial PLFAs) with environmental factors among 18 A. annua soil sites (54 plots). 1-18 numbers represent sampling sites; OM, organic matter; pH, power of hydrogen; AN, available nitrogen; AK, available potassium; AP, available phosphorus; TN, total nitrogen; TP, phosphorus; TK, total potassium; SM, soil moisture.; Stone, percentage of stone (≥2 mm) in soil. AP P > 0.05; AK P < 0.05, respectively), but negatively correlated with TN, TP and TK (P < 0.001) (Table 3) . Similarly, altitude also affected the soil nutrients available to A. annua, with significant positive correlations observed for soil AN and AP with altitude (P < 0.01, respectively), while soil TN, TP, and TK were significantly negatively correlated with altitude (Table 3) . These results are inconsistent with those of previous studies in a subtropical woody forest (He et al. 2016 ) and moso bamboo forest (Chang et al. 2016 ), This may be because A. annua absorbs large amounts of nutrients from the soil during its short growth cycle as an annual herbaceous plant, with an annual growth cycle from April to September in the Guizhou mountainous karst terrain (Chinese Pharmacopoeia Commission 2015) . In contrast, woody and bamboo forests are perennial and regularly absorb lesser amounts of soil nutrients. Earlier studies conducted in India and China have attempted to enhance the artemisinin concentration through culturing root hairs, breeding technology, plant cell culture, or the biosynthesis pathway using its regulatory enzymes (Nair and Basile 1993; Bharel et al. 1998; MaujiRam et al. 2010 ). An improvement in artemisinin yield through chemical synthesis and the genetic engineering of artemisinin has been reported (Liu et al. 2011; Alam et al. 2014 ). However, these methods have proven to be commercially unfeasible (Zhu and Cook 2012) . The conventional growing and breeding of A. annua remains an important source of artemisinin production. However, in addition to the improved varieties, the artemisinin contents in A. annua plants can be affected by many factors, both biotic and abiotic.
In this study, the leaf concentration of artemisinin, the most effective plant component for treating malaria, linearly and significantly increased with elevation (Figure 3(A) ), with the exception that leaf artemisinin concentrations at 1420 m were lower than at 1264 m, which was consistent with the results of two previous studies in Guangxi and Chongqing, China (Zhang et al. 2009; Liu et al. 2014) . Artemisinin is one of the sesquitepene endoperoxide lactones, which are all derived from the same precursor, farnesyl diphosphate biosynthesized by the catalysis of sesquiterpene synthase (SS). Farnesyl diphosphate is converted by amorpha-4,11-diene synthase (ADS) into amorpha-4,11-diene, with several oxidation and reduction steps controlled by enzymes, and finally amorpha-4,11-diene is converted into artemisinin (Bouwmeester et al. 1999; Chang et al. 2000) . Therefore, SS and ADS are important synthases and rate-limiting enzymes in the biosynthesis of artemisinin. Their activity can be induced and accelerated by a decrease in atmospheric density, changes in the solar spectra, and the increasing intensity of short wavelength light with an increase in altitude (Brown 2010; Xie et al. 2012) . In contrast, the total phenolic content decreased significantly with an increase in altitude (P < 0.01, Figure 3(E) ).
In addition to elevation, other environmental biotic and abiotic factors were also related to levels of the main medical metabolites in A. annua (Tables 5 and 6) , with SMB markedly and positively correlated with artemisinin (P < 0.001). Compared to the other metabolites, the artemisinin content in A. annua leaves was high at 2% (w/w), and there were hardly any other plants present in areas where A. annua plants were clustered due to its strong allelopathy (Shen 2006) . It is possible that some artemisinin was leached from the leaves of A. annua by rainfall and became a carbon source for the growth of soil microorganisms, improving the growth of soil microbes. Soil TN, TP, and TK also significantly negatively impacted the artemisinin concentration (TN and TP, P < 0.01; TK, P < 0.001) ( Table 6 ). In contrast to artemisinin, total phenolics were markedly and negatively correlated with SMB (P < 0.01) (Table 5) , negatively correlated with pH (P < 0.05), OM, AK, AP, and AN (P > 0.05), and significantly and positively correlated with TN, TP, and TK (TN, P < 0.001; TP, P < 0.05; TK, P < 0.01) (Table 6), which suggests that A. annua could accelerate the biosynthesis of phenolics for improving health and fertility. Soil pH also negatively and significantly impacted the artemisic acid, scopoletin, chrysosplenol-D, and chrysosplenetin concentrations (P < 0.05 or P < 0.001), which suggested that increasing the concentrations of artemisic acid and these phenolics would decrease soil pH, likely because some of these components can be leached from the A. annua leaves by rainfall; therefore, increasing the concentration of soil hydrogen ions [H + ].
Conclusion
The results of the study indicate that SMB and diversity, and the artemisinin, artemisic acid, and total phenolic concentrations of A. annua leaves vary along an altitude gradient. The correlation of artemisinin concentrations and total phenolic content of A. annua leaves was correlated with SMB, suggesting a linkage between soil microbes and medical metabolites in A. annua leaves. Our results provide basic data to address the critical questions regarding the linkages between soil microbes and medical metabolites in A. annua leaves. .425** Significant P value: *P < 0.05, **P < 0.01, ***P < 0.001.
